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Chemical and thermal freeze-out parameters from 1A to 200A GeV
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The present knowledge about hadrons produced in relativistic heavy ion collisions is compatible with
chemical freeze-out happening when the energy density divided by the particle density reaches the value of 1
GeV. This observation is used to determine the energy dependence of the chemical freeze-out parametersTch

andmB
ch for beam energies varying between 1 and 200A GeV. The consequences of this energy dependence are

studied for various particle ratios. Predictions for particle ratios at beam energy 40A GeV are presented. The
conditions for thermal freeze-out are also determined. These correspond either to an energy density of 45
MeV/fm3 or to a particle density of 0.05/fm3. @S0556-2813~99!03911-4#

PACS number~s!: 25.75.Dw, 12.38.Mh, 24.10.Nz, 25.75.Gz
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I. INTRODUCTION

It is the purpose of the present paper to determine
energy dependence of the chemical freeze-out parame
namely, the temperatureTch and the baryon chemical poten
tial mB

ch for beam energies in the range between 1 and 20A
GeV @1#. This covers the full range of energies available
the GSI Schwerionensynchrotron~SIS!, BNL Alternating
Gradient Synchrotron~AGS! and the CERN Super Proto
Synchrotron~SPS! experiments. These parameters determ
the particle composition of the hadronic final state. Bel
this temperature inelastic collisions between hadrons are
longer important and the hadronic abundances remain
changed. This information can then be used to make pre
tions for beam energies that are in between those of
above experiments and also, eventually, to extrapolate re
to higher beam energies.

To determine in a relatively unambiguous way the che
cal freeze-out values in relativistic heavy ion collisions it
best to use ratios of integrated particle yields. Such ratios
not very sensitive to the dynamics of the underlying p
cesses, one of the reasons being that integrated particle y
are Lorentz invariant, i.e., a boost in the transverse direc
affects the momentum distribution of particles but not th
number. The restriction to integrated particle yields theref
minimizes the model dependence of the freeze-out par
eters. This of course is not true for particle yields restric
to narrow kinematic regions since these will be more dep
dent on the dynamics of the process. During the past
years such analyses have been made for the CERN
@2–9#, the BNL AGS@10–13# and the GSI SIS@14,15# data.
A discussion and review of the various results can be fo
in Ref. @16#.

The momentum distribution of particles produced in re
tivistic heavy ion collisions does not show the depende
predicted by a statistical distribution. The longitudinal dire

*On sabbatical leave at the Fakulta¨t für Physik, Universita¨t
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tion bears no resemblance to an exponential, and in the tr
verse direction substantial deviations from an exponentia
with a universal slope corresponding to the temperature
ist.

In Sec. II we discuss the general case of hydrodyna
flow starting from the Cooper-Frye formula@17#. As a par-
ticular case we consider boost invariant longitudinal flo
@18# accompanied by flow in the transverse direction. W
next discuss the case where the longitudinal flow is rep
duced by a superposition of fireballs. In all these cases
ticle ratios can be calculated as if they were given by a st
Boltzmann distribution.

In Sec. III we discuss the exact conservation of stran
ness in statistical models. This is necessary when the num
of strange particles is very small as is the case in, e.g.,
GSI SIS energy range.

In Sec. IV we use the phenomenological observation t
the freeze-out parameters all correspond to an average
ergy per hadron of 1 GeV, independent of the manner
which the system was created, to extract the energy de
dence ofTch andmB

ch . This dependence is then used to tra
the behavior of various hadronic ratios as a function of
ergy and to present predictions for a beam energy of 40 G
We also determine the conditions for thermal freeze-ou
the energy range between 1A GeV and 200A GeV. The val-
ues obtained previously@19–27# are compatible with an en
ergy density e'45 MeV/fm3 or a particle densityn
'0.05 fm23. It is at present not possible to distinguish b
tween these two possibilities.

In Sec. V we summarize our results.

II. RATIOS OF THERMAL PARTICLE ABUNDANCES

In the thermal model particle densities are determined
a statistical distribution, denotedni

0 where the indexi refers
to the type of hadron, e.g.,i 5p1,K1, . . . etc. In the Bolt-
zmann approximationni

0 is given by

ni
05gE d3p

~2p!3 e2(Ei2m i )/T5
gmi

2T

2p2 K2~mi /T!em i /T.

~2.1!
©1999 The American Physical Society08-1
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This expression applies for the density of particles insid
fireball at rest having a temperatureT and particlei having a
chemical potentialm i . If the system is in chemical equilib
rium then the possible values ofm i are determined by the
overall baryon chemical potentials for baryon numbermB ,
strangenessmS , and chargemQ . The value ofmB is fixed by
giving the overall baryon number densitynB , and that ofmS
by fixing the overall strangeness to zero, the value ofmQ is
fixed by giving the neutron surplus. If the number of initi
state neutrons is equal to the number of protons as is the
in, e.g., S-S thenmQ50, for Pb-PbmQ is small and negative
This means that for given values ofT andmB one tunes the
remaining parameters,mS andmQ , in such a way as to en
sure strangeness neutrality and the correct isospin comp
tion of the system.

At chemical freeze-out the particle density of hadrons o
given type is determined by summing over all hadronic d
sities multiplied by the appropriate branching ratio, e.g.,
p1 one has

np15(
i

niB~ i→p1!. ~2.2!

We have included in Eq.~2.2! the contributions from all
particles and resonances with masses up to 2 GeV@28#.
Thermal freeze-out happens when the elastic collisions
tween hadrons cease. Since it is obvious that the Boltzm
distribution is not a good description of the momentum d
tribution of particles in relativistic heavy ion collisions w
will now discuss modifications which lead to a more realis
description of the particle spectra.

A. Cooper-Frye formula

In a hydrodynamic description taking into account flow
the longitudinal and transverse directions, the final state
ticles will leave the hadronic gas at freeze-out time. T
momentum distribution of particles is given by the Coop
Frye formula@17#

E
dN

d3p
5

g

~2p!3E
s

f ~x,p!pmdsm , ~2.3!

where the integration has to be performed over the freeze
surface described bysm . Its direction is perpendicular to th
surface and its magnitude is determined by the size of
freeze-out surface. For the temperatures under consider
it is safe to neglect quantum statistics and we will theref
work with the Boltzmann distribution from now on; the ge
eralization to Fermi-Dirac or Bose-Einstein statistics
straightforward. We thus have

f ~x,p!5exp@~2p•u1m!/T#, ~2.4!

whereT, m, andum are the~space-time dependent! tempera-
ture, chemical potential, and four-velocity, respectively@29#.
As an example, for a static fireball, the freeze-out surfac
given by

dsm5~d3x,0W !, ~2.5!
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so that we obtain the expected result

E
dN

d3p
5

gV

~2p!3 E exp@~2E1m!/T#. ~2.6!

After integrating the differential distribution over all mo
menta one obtains the total number of particles@1,30#

N5
g

~2p!3E d3p

E E
s

f ~x,p!pmdsm

5
g

~2p!3E
s
dsmE d3p

E
f ~x,p!pm. ~2.7!

For a Boltzmann distribution this becomes

N5
g

~2p!3E
s
dsmumF4pTm2K2S m

T D G . ~2.8!

As a consequence,

Ni

Nj
5

ni
0

nj
0 . ~2.9!

Thus effects of hydrodynamic flow cancel out in the ha
ronic ratio, provided there are unique freeze-out tempera
and chemical potential.

B. Rapidity plateau and transverse expansion

For boost-invariant cylindrical expansion along thez axis
the correct variable to use is the proper timet ~recall d4x
5tdtdyrdrdf). We have

dsm5~tdyrdrdf, r̂ tdtdyrdf!, ~2.10!

where the second component is in ther̂ direction, i.e., per-
pendicular to the surface of the cylinder. For the case wh
the flow is azimuthally symmetric, i.e., when an average
made over all events or when only head-on collisions
considered, one has therefore@31,32#

S dNi

dymtdmt
D

y50

5
g

pEs
rdr tF~r !H mtI 0S ptsinhyt

Tch
DK1S mtcoshyt

Tch
D

2S ]tF

]r D ptI 1S ptsinhyt

Tch
DK0S ptcoshyt

Tch
D J em i /Tch, ~2.11!

wheretF(r ) refers to the freeze-out time which in gener
depends onr, so that the center of the cylinder freezes o
before the surface.

After integration over the transverse massmT this leads to
8-2
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S dNi

dy D
y50

5
g

pEs
rdr tF~r !H cosh~yT!

2S ]tF

]r D sinh~yT!J mi
2TchK2S mi

Tch
Dem i /Tch.

~2.12!

If the freeze-out temperature is the same everywhere on
freeze-out surface this leads to the surprisingly simple re
that the ratios are unaffected by the hydrodynamic flow:

~dNi /dy!y50

~dNj /dy!y50
5

mi
2TchK2S mi

Tch
Dem i /Tch

mj
2TchK2S mj

Tch
Dem j /Tch

5
ni

0

nj
0 . ~2.13!

This is a case where the momentum distribution in no w
resembles a Boltzmann distribution: the rapidity distributi
is flat and the transverse momentum distribution is affec
by transverse flow, yet the integrated ratios are the sam
those of a static Boltzmann distribution.

C. Superposition of fireballs

In order to reproduce more closely the observed rapid
distribution it is useful to consider a superposition of fireba
along the rapidity axis@33#. The resulting particle density
~integrated over the particle rapidityy) is given by

ni5E
2`

`

dyE
2Y

Y

dYFBr~YFB!
dni

0

dy
~y2YFB!, ~2.14!

whereYFB is the position of the fireball,r is the distribution
of fireballs, andY is the largest value of the position in ra
pidity space of a fireball. In the above integral it is possib
to interchange the integration limits so that one obtains

ni5ni
0E

2Y

Y

dYFBr~YFB!. ~2.15!

In a ratio the integral over the distribution of fireballs canc
out so that one is left with

ni

nj
5

ni
0

nj
0 , ~2.16!

with the conclusion that the ratio is the same as if it we
given by a Boltzmann distribution. Note that the cancellat
is only possible if all fireballs are of a similar nature, i.e
they all have the same temperature.

III. EXACT STRANGENESS CONSERVATION

In relativistic heavy ion collisions the energy and t
number of hadrons in the final state is large enough to jus
the use of the grand canonical ensemble. However if
temperature is very low, as is the case for the data from
SIS, then the number of strange particles in the final stat
very small and it becomes necessary to take this into acc
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by using exact strangeness conservation@34–41#. The grand
canonical ensemble only enforces strangeness conserv
on average and allows for fluctuations around strangen
zero. This is not good enough if the number of strange p
ticles is very small. The same holds for applications of s
tistical descriptions to a small system like the ones create
p2p or e12e2 collisions as has been done recently in R
@42#.

We therefore treat strangeness exactly, especially in
GSI SIS energy range but continue to use a grand canon
description for baryon number and for charge since the nu
ber of baryons and charged particles is always large.

To restrict the ensemble summation to a fixed value of
strangenessS, one performs the following projection:

ZS5
1

2pE0

2p

df e2 iSfZ~T,lB ,lS ,lQ!, ~3.1!

where the fugacity factorlS has been replaced by

lS5eif, ~3.2!

andZ is the standard grand canonical partition function. N
glecting for the moment the contribution of multistrange p
ticles like J ’s andV ’s one can write the partition function
as

ZS505
1

2pE0

2p

df exp$N01N1eif1N21e2 if%, ~3.3!

here N1 stands for the sum of all single particle partitio
functions with strangeness plus one:

N21[NL1NK̄1•••, ~3.4!

while N21 stands for the sum of all single particle partitio
functions with strangeness minus one:

N1[NL̄1NK1••• . ~3.5!

As an illustration we quote the explicit form ofNL assuming
Boltzmann statistics

NL[
2V

~2p!3E d3p exp„~2EL1mB!/T…. ~3.6!

It is clear from the above equation that baryon number
being treated grand canonically.

To calculate the partition function more explicitly we e
pand each term in a power series:

ZS505Z0

1

2pE0

2p

df (
m50

`

(
n50

`
1

m!

1

n!

3N1
mN21

n exp~ imf!exp~2 inf!, ~3.7!

whereZ0 is the standard partition function for all particle
having zero strangeness. Performing the integration ovef
we are left with
8-3
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ZS505Z0(
n50

`
1

n! 2 ~N1N21!n, ~3.8!

where one recognizes the series expansion of the mod
Bessel function

ZS505Z0I 0~x1!, ~3.9!

wherex1[2AN1N21. The particle densities can be deduc
in the standard way from the partition function. As an e
ample we quote the number of kaons:

NK5ZK

N1

AN1N21

I 1~x1!

I 0~x1!
. ~3.10!

The total energy density can be calculated from

^E&5T2
]

]T
ln ZS50U

l i51

. ~3.11!

Similarly, the particle number is given by

^N&5T
]

]m i
ln ZS50U

l i51

. ~3.12!

Of special interest is the small volume limit~or, more cor-
rectly, the small particle number limit!. In this case the par
tition function can be expanded in a power series in wh
case the integration overf gives zero for all cases where th
oscillating factors do not match, i.e.,

FIG. 1. Chemical freeze-out parametersTch andmB
ch obtained at

LEP, CERN SPS, BNL AGS, and GSI SIS. References to the po
are given in Table I. The full line corresponds to an energy den
over total particle density of 1 GeV.
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ZS50'11
1

2pE0

2p

dfFgVE d3p

~2p!3 e2E/T1 ifG
3FgVE d3p

~2p!3 e2E/T2 ifG1••• . ~3.13!

Thus it is clear that one needs at least two terms before
gets a nonvanishing result. For small particle numbers
leads to the well-known suppression of strangeness.

IV. CHEMICAL AND THERMAL FREEZE-OUT
PARAMETERS

A. Chemical freeze-out

The considerations presented in the previous two sect
make it possible to extract in a reliable way the values of
chemical freeze-out parametersTch and mB

ch from ratios of
integrated particle yields. This procedure has been follow
repeatedly over the past few years and results obtained f
CERN SPS, BNL AGS, and GSI SIS data are shown in F
1, and in Table I we also show the results obtained in R
@42# from e12e2 andp2p collisions. A low energy beam
creates a hadronic gas with a corresponding low value ofTch
but a high value of the baryon chemical potential. This
flects the fact that such a system is predominantly made
of nucleons and contains relatively few mesons. At the ot
end, the CERN SPS beam creates a hadronic system w
has a highTch but a very low value ofmB

ch . This is because
the hadronic system created is very rich in mesons and
proportion of baryons diminishes accordingly. It has be

ts
y

TABLE I. Chemical freeze-out temperatureTch and baryon
chemical potentialmB

ch in various collisions.

Energy Tch @MeV# mB
ch @MeV# Reference

SPS
Pb 1 Pb 158A GeV 170611 270624 @4#

Pb 1 Pb 158A GeV 165 235 @9#

Pb 1 Pb 158A GeV 14565 20565 @5#

S 1 S 200A GeV 180.5610.9 220.2618.0 @7#

S 1 Ag 200A GeV 178.968.1 241.5614.5 @7#

S 1 S 200A GeV 171.0 160.04 @6#

S 1 S 200A GeV 160.263.5 158.064.0 @16#

S 1 S 200A GeV 165.065.0 175.065.0 @2#

AGS
Si 1 Au 14.6A GeV 12768 485670 @13#

Si 1 Au 14.6A GeV 130610 540620 @10#

Si 1 Au 14.6A GeV 118612 522658 @56#

Si 1 Au 14.6A GeV 11065 540620 @11#

SIS
Ni-Ni 1.9A GeV 70610 720650 @14,15#
Ni-Ni 0.8A GeV 48610 820610 @15#

Au-Au 1.0A GeV 4963 82568 @15#

Ni-Ni 1.0A GeV 5165 822610 @15#

Ni-Ni 1.8A GeV 5463 80668 @15#
8-4



m
th
V
i a
s
s
ly
ra
o
n
ex

fo
t
-

th

ica
h
S
o
e
a

ad

and
t
that
rting

e
for
cal
ed

the
ng

es
om
nic
y in
son
est

de
the
his
er

ectra
This

s as
ical
d of

CHEMICAL AND THERMAL FREEZE-OUT PARAMETERS . . . PHYSICAL REVIEW C 60 054908
noted in Ref.@44# that, despite the wide variation in bea
energies, all these points have in common the fact that
energy density divided by the total particle density is 1 Ge
independently of whether the system was created in Ni-N
1A GeV or in S-S at 200A GeV. The energy density ha
been calculated using Eq.~3.11! and the particle density wa
calculated using Eq.~3.12!. This means that, independent
of how the system was created from the moment the ave
energy per hadron becomes less than 1 GeV, inelastic c
sions cease to be important and the chemical compositio
the final hadronic state is fixed. We consider this to be
tremely remarkable.

Since the beam energy is increased smoothly as one
lows the universal freeze-out curve, Fig. 1, it is possible
determine the energy dependence of the chemical freeze
parameters,Tch andmB

ch ; this will be done explicitly in the
next section. We first discuss some of the implications of
freeze-out curve.

B. Nonrelativistic nature of hadronic gas

The phenomenological observation that the chem
freeze-out always corresponds to an average energy per
ron of 1 GeV per hadron is easy to understand in the GSI
energy range. Since the low temperature makes the hadr
gas a nonrelativistic one, nucleons dominate and only v
few other particles are present, one can therfore use the
proximation

^E&

^N&
'mN1

3

2
T'1 GeV, ~4.1!

which immediately reproduces the value of 1 GeV per h
ron.

FIG. 2. Average mass along the freeze-out curve of Fig. 1 a
function of the chemical freeze-out temperature.
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At higher energies the hadronic gas becomes more
more mesonic in nature and pions andr mesons dominate. I
is of interest to compute the average mass of particles
make up the gas. This mass decreases very slowly, sta
from the nucleon mass to approximately ther-meson mass.
It is shown explicitly in Fig. 2. All hadrons in the gas ar
thus to a good approximation nonrelativistic, except
pions which dominate for low values of the baryon chemi
potential. The nonrelativistic character is further enhanc
by looking at the value of the average energy along
freeze-out curve; this is shown in Fig. 2. Thus the followi
relation holds:

^E&

^N&
'^M &1

3

2
T'1 GeV. ~4.2!

The particle composition of the hadronic gas chang
smoothly as one follows the universal freeze-out curve fr
low to high temperatures. At low temperatures the hadro
gas is dominated by nucleons, as can be seen explicitl
Fig. 3. For high temperatures the hadronic gas is me
dominated, with pions and rho mesons making up the larg
fraction.

C. Thermal freeze-out parameters

After chemical freeze-out, the particle composition insi
the hadronic gas is fixed but elastic collisions still keep
system together until the final, thermal freeze-out. At t
stage the momentum distribution of particles no long
changes and is then final. The transverse momentum sp
therefore determine the thermal freeze-out parameters.

a FIG. 3. Change of the particle composition of the hadronic g
along the freeze-out curve of Fig. 1 as a function of the chem
freeze-out temperature. Shown are the fractions of nucleons an
pions.
8-5
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J. CLEYMANS AND K. REDLICH PHYSICAL REVIEW C60 054908
has been done by several groups in the past few years@19–
27# and results are shown in Fig. 4. We have to remem
that systematic errors on the particle spectra can be sub
tial and this introduces an additional uncertainty on the v
ues of the parameters. The baryon chemical potential at
stage cannot be determined directly. We assume that
transition from chemical freeze-out to thermal freeze-
proceeds in such a way that the entropy to baryon num
remains conserved, i.e.,S/B 5 constant. These are indicate
by dashed-dotted lines in Fig. 4. We note that all results fr
1A GeV to 200A GeV correspond to a fixed energy dens
of 45 MeV/fm3, i.e., if the energy density inside the hadron
gas drops below this value, then the system ceases to
independently of how it was formed. We note that it is n
possible at present to distinguish between a fixed energy
sity and a fixed particle density. Both curves are shown
Fig. 4. The thermal freeze-out parameters are listed in Ta
II.

V. DISCUSSION

A. Energy dependence of chemical freeze-out parameters

An inspection of Fig. 1 suggests several possibilities
extracting the dependence of the thermal parameters on
beam energy. It would, e.g., be possible to plot the value
Tch as a function of the beam energy and simply interpol
between them. We follow a less direct method which rel
on the use of results contained in Fig. 5. The values show
this figure have been taken from the work of Gazdz´icki
@45,46# which uses a compilation of experimental results
the pion multiplicity divided by the number of spectat

FIG. 4. Thermal freeze-out~dashed and dashed-dotted lines! and
chemical freeze-out~solid line! curves. The dotted lines connectin
the chemical and thermal freeze-out curves correspond to a fi
S/B ~entropy/baryon number! ratio. Only references to the therma
freeze-out points are indicated explicitly. See Fig. 1 for referen
to the chemical freeze-out points.
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nucleons,^p&/Apart . As can be seen from Fig. 5, in th
relevant energy region this ratio increases approximately
early with the beam energy or, more precisely with the va
able

As2Asthr, ~5.1!

wheresthr is the threshold energy for pion production give
by

sthr[2mN1mp . ~5.2!

This approximate linear dependence provides a conven
parametrization for extracting the energy dependence
polynomial interpolation was also used in order to test
sensitivity of the parametrization. To extract the depende
on beam energy we combine Fig. 1 and Fig. 5. This is sho
for one particular value in Fig. 6 where the crossing po
between the two curves determines the value of the chem
freeze-out parameters. The resulting energy dependenc
the freeze-out temperatureTch is shown in Fig. 7. As one can
see, the value at first increases rapidly with beam energy
then converges towards a maximum value of approxima
160 MeV. We note that this value is very close to the e
pected phase transition to a quark-gluon plasma as indic
by results from lattice gauge theory which give an upp
limit of about 170 MeV for the critical temperature@47#. The
energy dependence of the baryon chemical potentia
shown in Fig. 8. In this case the value at first decrea
rapidly and then tends towards zero as the beam energ
increased.

ed

s

FIG. 5. Average number of pions divided by the number
participating nucleons as a function of the beam energy. The
line corresponds to a linear fit; the dashed line is a polynom
interpolation.
8-6



r
t a
e
ic

r an

m
alue
his.
del

are

an

s

al
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B. Hadronic ratios

The energy dependence obtained forTch and mB
ch in the

previous subsection can be used to track various particle
tios as the beam energy increases. Of particular interes
the ratios of strange to nonstrange particles since it is wid
believed that these show the largest deviation from chem

FIG. 6. Intersection between the chemical freeze-out curve
the line corresponding to a given ratio of pions toApart . The inter-
section determines the values ofTch andmB

ch for the beam energy
corresponding to the indicatedp/Apart ratio. References to the
chemical freeze-out points are given in Fig. 1.

FIG. 7. Variation of the temperature at chemical freeze-out a
function of the beam energy.
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equilibrium. Several analyses have indicated the need fo
additional parameter,gS , which measures the deviation from
chemical equilibrium of strange hadrons@16,48#. The
K1/p1 ratio is shown in Fig. 9—it increases smoothly fro
the low to the higher energies and reaches a maximum v
of about 0.2 and stays approximately constant beyond t
We would like to refer to these values as the thermal mo

FIG. 9. Dependence of theK1/p1 ratio on beam energy along
the chemical freeze-out curve of Fig. 1. Experimental results
indicated. See discussion in text.

d

a

FIG. 8. Variation of the baryon chemical potential at chemic
freeze-out as a function of the beam energy.
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values for theK1/p1 ratio. Comparing these results with th
experimental ones we see that the thermal values nicely t
the observed ratio in the GSI and BNL energy range. Ad
tional values of theK1/p1 ratio measured at midrapidit
have become available recently from BNL AGS in the ran
2 –10.7A GeV @54#. All reported values are in good agre
ment with the thermal model values. However the CER
SPS value measured in S-S collisions is clearly below
predicted one. It has been argued recently@49–51# that this
deviation is due to the formation of a quark-gluon plasma
the initial state of the relativistic heavy ion collision.

Next we consider theK1/K2 ratio. This ratio is ex-
tremely sensitive to the beam energy because it varies by
orders of magnitude over the energy range under consi
ation and is therefore a test of the thermal model. It is ho
ever not sensitive to the presence ofgS since it cancels out in
the ratio. The comparison is shown in Fig. 10 and the ag
ment is good everywhere@55#.

FIG. 10. Dependence ofK1/K2 ratio on beam energy along th
freeze-out curve of Fig. 1. Experimental results are indicated.

TABLE II. Thermal freeze-out temperatureTf and baryon
chemical potentialmB

f in various collisions.

Energy Tf @MeV# mB
f @MeV# Reference

SPS
Pb 1 Pb 158A GeV 120612 300635 @19# a

Pb 1 Pb 158A GeV 95.863.5 400624 @21# a

Pb 1 Pb 158A GeV 100 400 @53#

AGS
Si 1 Au 14.6A GeV 93.464.4 554635 @20#

Si 1 Au 14.6A GeV 93 540 @52#

aThe value ofmb
f was estimated using isentropic expansion start

from the chemical freeze-out points.
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C. Predictions

The results presented in the previous sections subs
tially increase the predictive power of thermal models. In t
past it was not possible to use these models to calcu
hadronic ratios in a new energy domain. In Table III we l
predictions of the model for a beam energy of 40A GeV and
compare them to experimental results obtained at CERN
ing Pb-Pb at 158A GeV. The main deviation can be found i
ratios involving antibaryons. This is because the bary
chemical potential is predicted to be substantially larger at
GeV than at 158 GeV; this suppresses all antibaryons by
order of magnitude.

VI. SUMMARY

We have shown that all results obtained in relativis
heavy ion collisions for beam energies between 1A GeV and
200A GeV can be summarized in a very simple way: wh
the average energy per hadron drops below 1 GeV, chem
freeze-out happens, the particle composition of the final s
is fixed, and inelastic collisions cease to be important. T
happens for Ni-Ni collisions at 1A GeV, for Pb-Pb collisions
at 158A GeV and for S-S collisions at 200A GeV. It is thus
independent of the beam energy, of the beam particle an
implication, of the size of the hadronic volume. Particle r
tios for a beam energy of 40A GeV have been given in Tabl
III. We consider these predictions as highly reliable.

The next stage of the evolution of the hadronic system
thermal freeze-out. Here the elastic collisions cease and
momenta of the final state particles are fixed. We have in
cated that all available results are consistent with the fact
this happens when the energy density drops below
MeV/fm3 or when the particle density is less then 0.05/fm3.
It is not possible yet to distinguish between these two po
bilities with the presently available data.
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TABLE III. Model predictions forT5140 MeV,mB5380 MeV
corresponding to beam energy of 40 GeV compared to experime
results obtained at 158 GeV.

Thermal
model Expt. data

40 GeV 158 GeV Reference

(p2 p̄)/h2 0.382 0.22860.029 @19#

p̄/p 0.006 0.05560.010 @8#

L/Ks
0 0.66 0.6560.11 @19#

K1/K2 2.34 1.8560.09 @8#

L̄/L 0.014 0.12860.012 @43#

J2/L 0.12 0.12760.011 @43#

J̄2/L̄ 0.24 0.18060.039 @43#

J1/J2 0.038 0.22760.033 @43#

V̄2/V2 0.14 0.4660.15 @43#
8-8
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